Background: Neuroendocrine cell hyperplasia of infancy (NEHI) is a childhood diffuse lung disease of unknown etiology. We investigated the mechanism for lung disease in a subject whose clinical, imaging, and lung biopsy specimen fi ndings were consistent with NEHI; the subject's extended family and eight other unrelated patients with NEHI were also investigated. Methods: The proband's lung biopsy specimen (at age 7 months) and serial CT scans were diagnostic of NEHI. Her mother, an aunt, an uncle, and two fi rst cousins had failure to thrive in infancy and chronic respiratory symptoms that improved with age. Genes associated with autosomaldominant forms of childhood interstitial lung disease were sequenced. Results: A heterozygous NKX2.1 mutation was identifi ed in the proband and the four other adult family members with histories of childhood lung disease. The mutation results in a nonconservative amino acid substitution in the homeodomain in a codon extensively conserved through evolution. None of these individuals have thyroid disease or movement disorders. NKX2.1 mutations were not identifi ed by sequence analysis in eight other unrelated subjects with NEHI. Conclusions: The nature of the mutation and its segregation with disease support that it is diseasecausing. Previously reported NKX2.1 mutations have been associated with "brain-thyroid-lung" syndrome and a spectrum of more severe pulmonary phenotypes. We conclude that genetic mechanisms may cause NEHI and that NKX2.1 mutations may result in, but are not the predominant cause of, this phenotype. We speculate that altered expression of NKX2.1 target genes other than those in the surfactant system may be responsible for the pulmonary pathophysiology of NEHI.
N euroendocrine cell hyperplasia of infancy (NEHI) is a recently characterized distinct form of childhood interstitial lung disease (ILD). Affected subjects typically present with profound tachypnea, retractions, crackles on lung auscultation, hypoxemia, and failure to thrive in the fi rst few months to year of life. 1,2 Consistent lung histopathology and a highly specifi c radiographic pattern have also been recognized. Minimal to no pathologic alterations are characteristically observed on lung biopsy specimens, and the diagnosis is based on the presence of increased numbers of bombesinimmunopositive neuroendocrine cells within distal airways and as clusters in the alveolar ducts termed neuroepithelial bodies. 2, 3 Distinct geographic groundglass opacities centrally and in the right middle lobe and lingula are observed on CT scans of affected individuals, and such fi ndings have been shown to be specifi c for diagnosis when compared with lung biopsy fi ndings. 4 No particular therapies beyond supportive care are available, but the clinical course for children with NEHI is usually one of gradual improvement over years, although the long-term consequences have not been determined. 2, 3, 5, 6 The etiology of NEHI is unknown. It is currently unclear whether the observed neuroendocrine cell prominence represents a primary causative mechanism or refl ects a secondary reaction to some other process, as increased neuroendocrine cells occur in a variety of other pulmonary conditions associated with hypoxemia and lung injury, including bronchopulmonary members with histories of childhood lung disease that improved with age.
Materials and Methods

Case History
The proband was born at 39 weeks' gestation with birth weight 3,120 g. There were no neonatal respiratory or other health concerns. Family members noted that she had rapid breathing in the fi rst weeks of life, and she had trouble breastfeeding. Medical evaluations were prompted at 4 months of age due to failure to thrive. At that time, tachypnea and hypoxemia were prominent, and supplemental oxygen was initiated. There were no symptoms of cough, fever, wheezing, or acute infection. Results of sweat chloride testing, immunologic evaluations, and an echocardiogram were all normal. A chest CT scan and lung biopsy were performed at 7 months of age ( Fig 1 ) . Although initially interpreted as nonspecifi c fi ndings of uncertain etiology, subsequent re-review of the lung biopsy specimen and bombesin immunostaining prompted by the 2005 description of NEHI 2 led to confi rmation of this diagnosis.
Symptoms of tachypnea, retractions, and hypoxemia persisted for this subject. She remained on continuous supplemental oxygen until 4 years of age, and nighttime supplemental oxygen until 17 years of age. Although she was physically active, symptoms of exercise intolerance and desaturation with 6-min walk testing continued into adolescence. Serial pulmonary function testing ( Table 1 ) since the age of 8 years shows a mixed ventilatory defect, with proportionate reduction in FEV 1 and FVC, elevated functional residual capacity, and markedly elevated residual volume that have partially improved over time. Serial chest CT scans ( Fig 2 ) have shown remarkably consistent persistence of geographic groundglass opacities centrally and most prominent in the right middle lobe and lingula. Thyroid function testing has been normal, and there is no history of movement disorders, developmental delay, or recurrent or atypical infections.
The proband's family history ( Fig 3 ) was notable for extensive family history of unexplained childhood lung disease which improved over time. The proband's mother had history of recurrent and prolonged hospitalizations in the fi rst 2 years of life for pneumonia and chronic respiratory symptoms, with severe failure to thrive, weighing . 4.0 kg at birth but only 6.8 kg at 1 year of age. One of her siblings had a history of tachypnea and retractions in infancy and early childhood, and another had unexplained chronic lung disease throughout childhood. Two other siblings of the mother who were born in the 1940s died in early infancy from what was believed to be a respiratory cause, but specifi c details on their condition are not available, nor were samples for genetic studies. Two fi rst cousins of the proband have history of signifi cant unexplained lung disease and failure to thrive: One required supplemental oxygen until 12 years of age and had a gastrostomy tube, and the other had a lung biopsy at 11 years of age. This biopsy specimen showed signifi cant acute and chronic bronchiolitis, with focally increased neuroendocrine cell numbers ( Fig 4 ) . The proband's father and sibling have no history of chronic lung disease.
Genetic Studies
All subjects were enrolled in a prospective study aimed at identifying genetic mechanisms for lung disease that was approved by the institutional review board at Johns Hopkins University (IRB num ber NA_00045539); written informed consent was obtained from all subjects or one of their parents. DNA was extracted from peripheral blood or saliva using commercially available kits (Gentra Puregene Blood Kit, QIAGEN; Oragene, DNA Genotek Inc) according to the manufacturers' directions. SFTPC, ABCA3 , and NKX2.1 were dysplasia, sudden infant death syndrome, pulmonary hypertension, and cystic fi brosis. [7] [8] [9] [10] [11] [12] [13] However, it has been shown that airway injury does not account for the extent and distribution of neuroendocrine cells in the lungs of children with NEHI. 3 The report by Popler et al, 14 which identified four families with affected siblings with NEHI, suggests a genetic basis for NEHI. Genetic mechanisms are well recognized as the cause of a different group of Childhood ILD disorders resulting from mutations in genes important in surfactant function and metabolism. These include the genes encoding surfactant proteins B and C (SP-B, SP-C), member A3 of the ATP-binding cassette family of transporters (ABCA3), and thyroid transcription factor 1 (TTF-1), the latter of which is important for the expression of surfactant-related genes as well as multiple other genes in the lung, thyroid, and brain. 15, 16 Although the clinical features in children with surfactant dysfunction disorders are variable, in general, the course is much more severe than that reported for NEHI, with signifi cant mortality observed in surfactant dysfunction disorders but none reported in NEHI. Lung histopathology fi ndings in children with surfactant dysfunction disorders are also quite distinct from those of NEHI, and include prominent alveolar type 2 cell hyperplasia, intraalveolar accumulations of proteinaceous material and macrophages, mesenchymal thickening, and interstitial fi brosis. 5, 17 We used a candidate gene approach to investigate the mechanism for lung disease in a subject whose clini cal, imaging, and lung biopsy specimen fi ndings were consistent with NEHI; the subject's extended family was investigated as well. We identifi ed a heterozygous substitution in the gene encoding TTF-1, NKX2.1 , in the proband and four other adult family expression, additional immunostaining was performed on available lung tissue from the proband's cousin, including for SP-B, pro-SP-C (both 1:2,000; EMD Millipore Corporation), TTF-1 (1:50, Lab Vision; Thermo Fisher Scientifi c Inc), and ABCA3 (1:800, Seven Hills Bioreagents; Cincinnati Children's Hospital Medical Center). Additional lung tissue was not available from the proband for any additional studies beyond the bombesin immunostaining for confi rmation of the diagnosis of NEHI.
sequenced as previously reported. [18] [19] [20] We also sequenced NKX2.1 in eight other unrelated subjects with sporadic or familial NEHI.
Immunohistochemistry
Neuroendocrine cells were delineated by immunohistochemistry for bombesin (ImmunoStar), performed on formalin-fi xed 5-mm paraffi n sections as previously described. 2 To evaluate SP were found to carry the mutation ( Fig 3 ) . None of these individuals have thyroid disease or movement disorders. Three other family members were also found to be heterozygous for the mutation (not shown); these individuals were not known to have lung disease as infants but their pulmonary status has not been formally evaluated. Because heterozygous ABCA3 mutations have been reported to be associated with an increased risk of neonatal respiratory disease and to potentially modify the course of patients with SFTPC mutations, we also sequenced ABCA3 from the proband, but did not identify any ABCA3 coding variants. 21, 22 We investigated whether NKX2.1 mutations might be responsible for NEHI in other cases. NKX2.1 mutations were not identifi ed by sequence analysis in eight other unrelated subjects with sporadic and familial NEHI.
We used available lung tissue from the proband's cousin to investigate possible alteration in SP expression.
Results
Genetic Investigations
Based on the apparent autosomal-dominant pattern of disease in this family and the known variability of the lung disease associated with SFTPC mutations, this gene was fi rst sequenced in the proband and her mother, with no mutations identifi ed. With the recent recognition of the potential role of NKX2.1 mutations in causing diffuse lung disease in children, we subsequently sequenced NKX2.1 in the proband and found that she is heterozygous for a G to T transversion in codon 191 of NKX2.1 that is predicted to result in the substitution of leucine for arginine (c.572 G . T, p.Arg191Leu). This mutation is located in the homeodomain, which has been extremely conserved during evolution, and is predicted to disrupt TTF-1 structure and/or function. The proband's mother is also heterozygous for the mutation, but it was not found in the proband's father or sibling, both of whom had no history of lung disease. NKX2.1 was sequenced from all family members with a history of lung disease and all sistent tachypnea, retractions, crackles, hypoxemia, and failure to thrive that were otherwise unexplained. The patterns found on the chest CT scan and the lung biopsy specimen demonstrate the prototypical fi ndings which have been well described in this disorder. 4 The mutation strongly segregated with lung disease in this family, as all family members with a history of lung disease were found to carry the mutation, whereas the mutation was not found in the proband's father and sibling, both of whom had no history of lung disease. Although three members of the extended family Although some scant proteinosis was observed, the alveolar architecture was normal, without interstitial expansion or alveolar type 2 cell hyperplasia; immunostaining confi rmed normal expression patterns of SP-B, pro-SP-C, ABCA3, and TTF-1 ( Fig 4E-H ) .
Discussion
NEHI is a distinct entity with well-described clinical, physiologic, radiographic, and histologic features. The incidence and prevalence of NEHI are unknown, although the disorder is felt to be rare. Although mortality due to NEHI has not been reported, it results in signifi cant morbidity in young children. 2, 3, 6 Most children require supplemental oxygen for years, and many need additional nutritional support, including via gastrostomy tube in some cases. Hospitalization and overall health-care utilization are high, as many children undergo extensive diagnostic testing for other more common causes of respiratory disease in this age group. There is no known therapy for NEHI, bronchodilators and corticosteroids are not helpful in most cases, and management largely consists of supportive care. 2 To date, the etiology and pathogenesis have been unknown.
We identifi ed a heterozygous NKX2.1 mutation in a subject with a defi nitive diagnosis of NEHI. This subject was a term infant who had a classic presentation for NEHI in the fi rst months of life, with indolent per- Figure 3 . Pedigree demonstrating NEHI and lung disease in association with an NKX2.1 mutation. The proband (arrow) was diagnosed with NEHI based upon lung biopsy performed in infancy. Multiple other family members, including the proband's mother, had nonspecifi c pulmonary symptoms and failure to thrive as infants but have either resolved their pulmonary disease or improved signifi cantly as they have aged. The proband and other family members (gray) are heterozygous for a missense mutation in codon 191 that is predicted to result in the substitution of leucine for arginine. All family members with a history of lung disease carry the mutation; three others (not shown) who are heterozygous were not known to have lung disease as infants but their pulmonary status has not been formally evaluated. See Figure 1 legend for expansion of abbreviation. specifi c for the p.Arg191Leu mutation are unknown. In three individuals from an unrelated family who were heterozygous for a different missense mutation located in close proximity in the homeodomain region, p.Phe198Leu, surfactant protein expression, particularly SP-C, was noticeably decreased. 20, 44 However, although these individuals each also had isolated pulmonary disease, the clinical and lung histology phenotypes were quite distinct from NEHI. Another homeodomain missense mutation, p.Arg195Trp, identifi ed in a child with brain-thyroid-lung syndrome who died of respiratory failure at the age of 18 months, caused increased SFTPC but decreased SFTPB transcription in vitro. 37 Collectively, these observations suggest that different NKX2-1 mutations may have distinct effects on expression of different target genes, thereby resulting in varying phenotypic manifestations. A limitation of our studies is that we have not yet performed studies to characterize the specifi c effects of the mutation in vitro. Such studies will be important to determine exactly how this mutation results in a NEHI phenotype, but as the pulmonary phenotype is not one of disrupted surfactant function and none of the subjects exhibited fi ndings of hypothyroidism, the predicted effects of the mutation on expression of surfactant-or thyroid-related TTF-1 target genes are unclear. Notably, the lung histology fi ndings in the cousin's biopsy specimen were clearly not those characteristically observed in surfactant dysfunction disorders, and expression of ABCA3, SP-B, and pro-SP-C were normal as determined by immunohistochemistry.
The lung disease reported in other members of the proband's family includes some features that are consistent with a diagnosis of NEHI, but the available data do not allow us to conclude whether these individuals truly had typical NEHI phenotypes. Specifically, the cousin's lung biopsy at age 11 years showed acute and chronic bronchiolitis with signifi cant airway injury and some limited lymphoid hyperplasia. It is unknown whether this individual's histologic phenotype could have evolved over time, as our current understanding of NEHI histology derives from lung biopsies performed in infants and children in the fi rst few years of life. 2, 3, 5 However, as phenotypic and histologic variability has also been observed in familial interstitial pneumonia and ILD associated with SFTPC mutations, 45, 46 we speculate that these fi ndings suggest a possible relationship between NEHI and a spectrum of airway injury disorders including chronic bronchiolitis and follicular bronchiolitis.
All affected individuals presented with chronic respiratory symptoms and poor growth in infancy, and all have gradually improved over time, though some have experienced persistence of their respiratory symptoms into adulthood. Interestingly, the proband continued to have strikingly consistent abnormalities on chest were heterozygous for the mutation and did not have a history of childhood lung disease, variable or incomplete penetrance is well recognized in many autosomaldominant disorders, including those involving the lung. For example, in families with BMPR2 mutations, only 20% of individuals with such mutations develop the severe phenotype of pulmonary hypertension. 23 Similarly, hereditary hemorrhagic telangiectasia due to ENG or ACVRL1 ( ALK1) mutations, and pulmonary fi brosis due to SFTPC or telomerase mutations exhibit either highly variable or incomplete penetrance. 19, [24] [25] [26] NKX2.1 encodes TTF-1, which is expressed in the thyroid gland, brain, and lung, and haploinsuffi ciency for NKX2.1 results in "brain-thyroid-lung" syndrome (MIM no. 610978) and benign familial chorea (MIM no. 118700). [27] [28] [29] Affected individuals have variable degrees of pulmonary disease, thyroid dysfunction, and neurologic abnormalities. 20, [29] [30] [31] [32] [33] None of the affected individuals in this family had a history of thyroid disease or chorea. TTF-1 is a critical regulator of early lung development and cellular differentiation, and specifi cally regulates the expression of SP-B, SP-C, and ABCA3 as well as many other genes. 15, 16, [34] [35] [36] A spectrum of pulmonary phenotypes has been described due to NKX2.1 mutations and deletions, with presentations ranging from severe neonatal respiratory distress syndrome, ILD in older children and adults, and recurrent pulmonary infections. 20 Lung pathology fi ndings have included defi cient lung alveolarization and changes consistent with surfactant dysfunction, and alterations in surfactant protein expression have been observed when suitable samples were available for analysis. 20, 31, 32, 37 NEHI, thus, represents a novel clinical and histologic phenotype not previously described in association with NKX2.1 mutations. However, the absence of NKX2.1 mutations in eight other individuals with NEHI suggests that NKX2.1 mutations are probably not the mechanism underlying most NEHI cases. We speculate that, instead, the gene or genes primarily responsible for NEHI are regulated by TTF-1.
The identifi ed NXK2.1 mutation has not been reported previously but is highly likely to be deleterious. It results in a nonconservative amino acid substitution in a region of the protein that has been extensively conserved in evolution, and is important for DNA binding and possibly nuclear localization. 38 [39] [40] [41] This sequence variant is also not listed in either the Exome Variant Sequencing Project database or the 1000 Genomes Project, indicating that it is not a common polymorphism. 42, 43 The mechanism(s) whereby this mutation results in the phenotype of NEHI and whether this phenotypic association is CT scan and pulmonary function testing into adolescence. This extent of disease persistence seen in this case has not been previously described. While prior reports of NEHI have emphasized that children demonstrate gradual improvement over several years, 2, 3, 5, 6, 47 emerging data suggest persistence of exercise tolerance and air-trapping in at least a subset of patients. 48 Therefore, we caution that further studies are needed to determine the long-term outcomes of this disorder.
In summary, we conclude that genetic mechanisms may cause NEHI and that NKX2.1 mutations may result in this phenotype, but are not the predominant cause. We speculate that the pulmonary pathophysiology of NEHI may result from altered expression of genes that are regulated by NKX2.1 other than those in the surfactant system. If this is the case, this information may be helpful in interpreting data from studies designed to identify genetic causes of NEHI with family based, agnostic approaches using whole-exome or whole-genome sequencing. Genetic discovery in NEHI will facilitate a better understanding of the epidemiology of this disorder, as well as improved and noninvasive diagnostic tests, and will help elucidate disease pathogenesis thereby facilitating development of targeted therapeutic strategies.
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